I was privileged to be one of the co-chairs, along with Professor Tim Sullivan (Brisbane, Australia), for the Cambridge Ophthalmological Society (COS) annual international symposium, which, this year, was dedicated to thyroid eye disease (TED). Together with the organisers, Miss Rachna Murthy and Professor Keith Martin from COS, we compiled an impressive programme covering all aspects of the condition from events happening in a single orbital cell to improved surgical approaches.
Introduction
In my introduction on the first day, which was dedicated to basic science, I provided a broad overview of the 'state-ofthe-art'. Thyroid eye disease (TED) is an autoimmune condition most often associated with hyperthyroid Graves' disease (GD). In GD, autoantibodies to the thyrotropin receptor (thyroid-stimulating hormone receptor, TSHR) mimic the biological action of thyroid-stimulating hormone, resulting in hyperthyroidism [1] . Previously considered to be thyroid specific, many studies have demonstrated that TSHR is expressed in orbital tissues [2] . Our own studies have reported that TSHR is expressed in orbital fat [3] and is upregulated during the lineage-specific differentiation of mesenchymal stem cells into adipocytes [4] . This process is known as adipogenesis and is one of the mechanisms, along with over-production of extra-cellular matrix (ECM), especially hyaluronan (HA) , that leads to the expansion of the orbital contents [2] . The expansion occurs within an inflexible orbit and results in proptosis; indeed, even patients with less-severe exophthalmos may suffer sight-threatening optic neuropathy [5] . The extra-ocular muscles may become fibrosed and this can cause problems with eye motility; fibrosis may be considered a life-long condition [6] .
The fact that some TED patients are euthyroid and/or apparently free of TSHR autoantibodies has led some investigators to seek additional thyroid/orbit-shared autoantigens. The IGF1R and its signalling pathways have been a subject of intense investigation, often with conflicting results. Smith and Janssen have demonstrated that autoantibodies to IGF1R in TED patients produce a range of effects, including enhanced OF proliferation, increased secretion of inflammatory cytokines and elevated production of glycosaminoglycans (GAGs) [7] . Others find little evidence for IGF1R autoantibodies being elevated in TED [8] , while Neumann and co-workers suggest that cross-talk between TSHR and IGF1R, following the activation of TSHR, has a central role in TED pathogenesis [9] . This model could be compatible with the dramatic improvements in proptosis following treatment with an IGF1R antagonist, teprotumumab, reported by Smith et al. [10] .
Much TED research in recent years has been focussed on the end stages of the disease, and relatively little progress has been made in understanding the mechanisms that break tolerance to TSHR. Several hypotheses propose that microorganisms might be implicated either via molecular mimicry or via bystander activation [11, 12] . These hypotheses have been modified by the recognition that commensal organisms in the gut microbiota secrete metabolites, which influence the phenotype of T cells in the gut-associated lymphoid tissue. Approximately 50% of circulating T cells reside within the gut at any time, and studies in murine models of autoimmunity and human disease suggest that the gut microbiota may influence the balance between inflammatory Th17 and anti-inflammatory Treg [13, 14] . Thus, we are at an exciting point in TED research; there are many unanswered questions, plenty of controversies and the very real promise of novel medical therapies. I considered all of these aspects when compiling the programme for the basic science day of the symposium.
It seemed logical to 'take it from the top' and start in the orbit. Who better than Drs. Maryse Baillye and Lei Zhang have applied in vitro models to unravel the tissueremodelling processes at play in TED? Maryse is an expert on fibrosis, which remains one of the least-wellunderstood aspects of TED, and as noted above, can last forever [6] . She recently reported on the stem-cell properties of orbital fibroblasts [15] and also has a superb 3D in vitro model that will be invaluable in dissecting how pressure influences the disease [16] , many TED patients having shown increased intra-ocular pressure. Lei has demonstrated that the processes of adipogenesis and ECM expansion via HA production are linked in the orbit but not in other fat depots. He has extended this finding to identify the possible targets for non-immunosuppressive TED therapy [17] [18] [19] [20] .
Teprotumumab is a human monoclonal antibody that binds with IGF1R and was originally developed to treat cancer. When applied to the treatment of TED it improves proptosis and thus must affect adipogenesis, proliferation, fibrosis and/or ECM production either directly or indirectly [10] . I was delighted that Prof. Terry Smith accepted our invitation to describe this seminal clinical trial and the science that underpins it. I was equally delighted that Prof. Susanne Neumann also agreed to cross the Atlantic to explain the work of her team on TSHR-IGF1R cross-talk [9] . Prof. Neumann's group has also developed smallmolecule TSHR antagonists [21, 22] , which might provide an adjunct or combination therapy for TED.
The thyroid stimulating antibodies (TSABs) that cause GD are produced by plasma cells, which are short-lived and derived from B cells, and they all circulate in the blood, our next topic for discussion. Prof. Mario Salvi was one of the first to conduct trials using rituximab, a chimeric human/ mouse monoclonal antibody that targets CD20 on B cells resulting in their depletion and improves TED in some patients [23] . The benefits noted cannot all be explained by the reduction in TSAB titres, and this hints at the important additional roles of B cells including antigen presentation to T cells and secretion of pro-inflammatory cytokines [24] .
It is a common experience that not all patients respond to a particular therapy in the same way, and what works well for one individual might have no effect on another. This reflects the heterogeneity of the processes operating in TED, with older patients more likely to have 'big muscles' and younger patients 'big fat' [2] . Hence it would be helpful to identify circulating biomarkers that aid assignment to the most appropriate treatment. Dr. Filippo Biscarini and co-workers have recently published a study that applied proteomic and genomic (miRNA) profiling of serum/plasma to compare TED of GD patients and matched healthy controls [25] .
Most immunologists would argue that T cells are the main drivers of all immune responses, including autoimmune reactions. In this context, an intriguing human model of GD/TED is provided by patients with relapsing/ remitting multiple sclerosis (MS) in the immunereconstitution phase following treatment with alemtuzamab (ALTZ). ALTZ is a humanised monoclonal antibody to CD52, an antigen on the surface of all T and B cells that is consequently eliminated by the drug. It has been proved beneficial in MS, but in the 2-5 years following treatment, B cells are the first to reappear, often in higher numbers than pre-treatment, followed by T cells, which rarely attain pre-treatment levels. In the same time-frame, approximately 30-40% develop GD, of which 5-10% also have TED [26] . Dr. Joanne Jones has studied the mechanisms operating during immune reconstitution, which should be highly relevant to spontaneous GD and TED [27] .
The second speaker on T cells was Prof. Li Bin, who works on fibrosis, which follows myofibroblast differentiation of CD90/Thy-1 + ve orbital fibroblasts, stimulated by TGF-beta. Recently, a role for Th17 cells has been implicated in fibrosis, in line with TH17 cells being found in autoimmune lesions, e.g. MS plaques. Li Bin's work [28] showed a significantly higher proportion of IL-17A-producing T cells in TED patients and the recruitment of both CD4 + and CD8 + T cells in TED orbits. TED orbital tissues expressed more IL-17A receptor, IL-17A, and its related cytokines, with severe fibrotic change compared with normal controls. Unfortunately, visa problems precluded Prof. Bin from attending the symposium, and I had looked forward to discussing other aspects of his work in which a product isolated from a traditional Chinese medicine (Vialinin A) was able to inhibit RorγT, a transcription factor that drives Th17 differentiation and thus reduces their numbers [29] .
These last findings are of interest in light of current efforts to understand how the gut microbiota composition influences health and disease. Prof. Julian Marchesi has extensive experience in the metagenomic and metataxonomic methodology required to analyse microbiota, which he originally applied to soil ecology. More recently he has been central to investigations of the gut and other microbiomes (skin, vagina etc.) in a wide range of human conditions from cancer to cirrhosis and foetal pre-term membrane rupture. In this context, it is recognised that the gut microbiota is impacted by a variety of factors including diet, antibiotic use, the mode of delivery and whether you were breast-or bottle-fed as an infant. He has collaborated with me on a recently completed European Union (EU)-funded project the goal of which was to assess whether the gut microbiome is implicated in GD and/or TED (http://www.indigo-iapp.eu/).
The last three speakers use in vivo models of the disease and began with Dr. David Williams, whose work in zebrafish and other amphibians has yielded further understanding of the development of the eye.
In other autoimmune conditions, in vivo models have provided an insight into the processes leading to loss of tolerance. My own experience with a TSHR-induced model (genetic immunisation) of GD/TED was frustrating; while we were able to transfer the disease to naive female BALB/c mice using TSHR-primed T cells in one location [30] , we were not able to reproduce the model in another laboratory [31] ; neither animal unit was specific pathogen free. Prof. Anja Eckstein and her co-workers have been able to reproduce a model [32] originally established by Sajad Moshkelgosha in Paul Banga's lab [33] . The model uses genetic immunisation and in vivo electroporation of the TSHR A subunit, and Prof. Eckstein has access to imaging methods able to evaluate induced TED over time and not just at the end point when the animal is sacrificed.
The in vivo model was also a part of the indigo project, and Ms. Giulia Masetti has analysed the gut microbiota composition of the mice with TSHR-induced disease in the two centres (London and Essen). She identified significant differences between the two centres, which might explain the heterogeneity of the response observed. She also found disease-associated taxonomies when comparing TSHRimmunised and control empty-vector-immunised mice in Essen [34] . Furthermore, there were many similarities between the gut microbiota composition in the induced murine model and that in patients with GD/TED (manuscripts in preparation).
Reflections on the day
So, what did we learn after the long but invigorating day? Many questions remain unanswered (i) Fibrosis remains one of the biggest challenges faced by patients with TED and the clinicians who manage them. It causes disturbance to eye motility, which has a major negative impact on the quality of life, but we are not aware of any ongoing or pending trials to address this process. (ii) We need to recognise the limitations of our in vitro models, for e.g. many use M22, a human monoclonal TSAB, to assess the effects of TSHR activation on orbital fibroblastsbut the patient from whom it was derived does not have TED. (iii) The 'omics study is interesting but needs to be repeated on a much larger number of cases and controls; identified biomarkers then need to be validated using specific assays. (iv) Have we identified the autoantigen(s) driving TED? To be considered a relevant autoantigen, it should be (a) expressed in the orbit; (b) disease activity should correlate with antibody-or T cell-mediated immune response to the autoantigen; (c) TED-like disease should be induced using the autoantigen; and (d) antagonism of the autoantigen should improve the disease. Neither TSHR nor IGF1R ticks all four boxes; IGF1R is still awaiting (b) and (c), whilst TSHR does not yet fulfil (d); although treatment with a human monoclonal thyroid-blocking antibodyimproved GD and TED in an unusual patient with these disorders in addition to thyroid cancer (ETA abstract). These results are also compatible with my view that we do not need any additional autoantigens-but may be we have yet to identify TED-specific TSHR autoantibodies [35] .
We are not as clever as we think (i) Despite all our best efforts the incidence of people with TED who smoke remains high, as illustrated by the patient cohort studied in the search for circulating biomarkers. (ii) Preliminary results from the indigo human microbiome project demonstrated significant differences in gut microbiota composition among GD, TED and healthy controls. However, it is difficult to distinguish the contributions of endocrine (hyperthyroidism) and immune (TSAB) factors. While an additional group of patients with non-autoimmune hyperthyroidism might have been informative, it is hoped that the comparison of samples from the same patients at different time points will help to resolve this point. Would other microbiomes be more relevant? Indigo collected nasal swabs as a surrogate for the sinus microbiome, which are available for analysis-we are happy to collaborate.
Promising therapies need validation (i) In many ways the results of the teprotumumab drug trial in TED were the highlight of the meeting. However, it needs to be repeated in a much larger series of patients to confirm the outcomes and also needs to be compared with the standard steroid therapy currently used to manage TED, before being extended to all suitable patientsespecially as it is very expensive. (ii) Immune-cell depletion studies are finding more application in selected patients. The usefulness of the ALTZ-induced human model of GD/TED is already apparent with the recent report that TSHR autoantibodies, mainly lacking biological function, can be detected in MS patients before the onset of induced GD and sometimes even before treatment [36] . Such autoantibodies may also be present long before clinical disease in spontaneous GD and TED. (iii) Dr. Paul Meyer has investigated the possible role of Staphylococcus aureus infection and its treatment with antibiotics in TED. His colleague, one of the symposium organisers, Dr. Rachna Murthy is analysing the data that should prove the most informative.
Novel treatment targets merit clinical trials (i) In vitro models employing orbital fibroblasts illustrated that the transcription factor FOXO1 is a convergence point for the signalling cascades stimulating adipogenesis and HA generation. When FOXO1 is located in the nucleus it inhibits these cascades; trifluoperazine inhibits the nuclear exclusion of FOXO1 and, at least in vitro, it is an effective inhibitor of adipogenesis and HA accumulation. The drug was developed as a cancer therapy and so has undergone phase 1 trials; it should be added to the list to be trialled in TED. (ii) TSHR antagonists hold considerable promise for the treatment of TED. In addition to the monoclonal thyroid-blocking antibody described above, small-molecule antagonists have been shown to be effective in vitro and are currently being tested in the TSHR-induced mouse model-we await the results with anticipation.
We did not have time to cover all the aspects of TED pathophysiology (i) Smoking is the single biggest known environmental risk factor for TED incidence and severity [37] . In vitro studies from Tom Cawood illustrated that smoke extract enhances adipogenesis/GAG accumulation in orbital fibroblasts [38] . We applied MALDI-TOF mass spectrometry to analyse tears and found similar compositions in those from TED patients and healthy smokers, with excess zinc alpha-2 glycoprotein [39] , also known as fat-mobilising factor, which has been shown to be upregulated in smokers [40] . Smoking affects the gut microbiota composition [41] , but in this and all studies on the impact of smoking it remains unclear whether nicotine or smoke extracts are responsible.
(ii) Selenium is a component of selenocysteine-containing proteins, which are mainly enzymes. This includes glutathione peroxidase, which helps protect against the negative effects of reactive oxygen species. Selenium supplementation improved the outcome of mild TED [42] . (iii) Platelet-derived growth factor, especially the plateletderived growth factor-BB isoform, stimulates proliferation and HA production, in both healthy and TED orbital fibroblasts [43] . (iv) Thyrostimulin is also known as corticotroph-derived glycoprotein hormone. It is a heterodimer of the novel alpha-2 and beta-5 subunits, and evidence to date suggests that it acts in a paracrine fashion, since it has not been detected in the circulation. Of interest to TED, mice overexpressing beta-5 have elevated T4, weight loss and proptosis [44] .
In my career of 30 + years I have attended many conferences dedicated to increasing understanding and improving the management of TED. Considerable strides have been made in enhancing patient outcomes, and I am optimistic that ongoing studies will lead to further advances. Such progress follows meetings such as that at St John's College, Cambridge, and I greatly appreciate COS and its benefactors for choosing TED as its topic.
